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We previously reported that some of the substrate proteins recognized by Hrt3 or Ucc1, a
component of Skp1/Cdc53/F-box protein ubiquitin ligase, may include proteins that are involved
in the methylmercury toxicity and degraded by the proteasome. In this study, we found that Dld3
and Grs1 bound to Hrt3 and that Eno2 bound to Ucc1 using a yeast two-hybrid screening. We
demonstrated that Dld3 and Grs1 are substrates that are ubiquitinated by Hrt3, and Eno2 is a sub-
strate that is ubiquitinated by Ucc1. Moreover, any yeast showing overexpression of Dld3, Grs1, and
Eno2 demonstrated higher methylmercury sensitivity. This indicates that Hrt3 and Ucc1 are
involved in alleviating the methylmercury toxicity by promoting proteasomal degradation through
the ubiquitination of Dld3, Grs1, and Eno2.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction [3,4]. However, little is known about the mechanism of toxicityMercury compounds are widely used for a variety of industrial
and commercial applications, and consequently, discharged into
the environment in relatively large amounts. Many discharged
mercury compounds represent inorganic mercury, a substance that
is partly converted to methylmercury through the action of
microorganisms and others. In rivers and seas, methylmercury
demonstrates ‘‘biological concentration” becoming highly concen-
trated in plankton and subsequently in fish eating plankton.
Methylmercury becomes increasingly concentrated as it moves
higher in this predation chain, and large fish eventually accumu-
late methylmercury at a concentration more than one million
times higher than the surrounding seawater. Methylmercury is a
causative substance responsible for Minamata disease, and can
result in serious disorders of the human central nervous system
such as sensory paralysis, language disorder, ataxia, visual field
narrowing and hearing impairment [1,2]. Methylmercury is also
a global social problem, affecting early stages of fetal brain
development in pregnant woman who ingest large amounts of fishdevelopment from methylmercury, or the biophylactic mecha-
nisms that protect against methylmercury toxicity.
We have previously shown that the ubiquitin–proteasome (UP)
system, a cellular mechanism of selective degradation of ubiquiti-
nated proteins, plays an important role as a defense mechanism
against the toxicity of methylmercury [5–9]. The UP system is a
proteolysis mechanism that is widely conserved in eukaryotes.
The system attaches ubiquitin to proteins through the sequential
actions of three different enzymes, namely, ubiquitin-activating
enzymes, ubiquitin-conjugating enzymes, and ubiquitin ligases.
The ubiquitinated proteins through this reaction are eventually
recognized and degraded by proteasomes [10,11]. Skp1/Cdc53/
F-box protein (SCF) complexes are a type of ubiquitin ligase, and
the F-box proteins within this SCF complex bind with substrate
proteins [12,13]. Among the many molecular species included in
the F-box proteins, we found that overexpression of Hrt3 and
Ucc1 (another name: Ylr224w) rendered yeast cells strongly resis-
tant to methylmercury [14]. This suggests that some substrate pro-
teins recognized by Hrt3 or Ucc1 may be involved in the
development of methylmercury toxicity and may include proteins
to be degraded by the UP system. Identification of such substrate
proteins would provide useful information for clarifying the
molecular mechanism responsible for the development of
methylmercury toxicity. This study aimed to identify the yeast
proteins recognized by Hrt3 or Ucc1 involved in the development
of methylmercury toxicity.
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2.1. Yeast strains and media
Saccharomyces cerevisiae strain W303B (MATa his3 can1-100
ade2 leu2 trp1 ura3) was cultured in yeast extract-peptone-
dextrose (YPD) media or in synthetic dextrose (SD) media. Plasmid
DNA was introduced into yeast cells using the lithium acetate pro-
cedure [15].
2.2. Construction of plasmids
The DLD3-HA, ENO2-HA, and GRS1-HA genes were amplified via
polymerase chain reaction, using yeast genomic DNA as a template
and the following oligonucleotides as primers: 50-GATTCAAGGCT
TAAAGACAGCA-30 and 50-AAGTTCAAGCGTAATCTGGAACATCGTAT
GGGTAAATGTACTTGTATGGGTTTAAG-30 for DLD3-HA; 50-CACCAAG
CAACTAATACTATAACATAC-30 and 50-CACTTTAAGCGTAATCTGGAA
CATCGTATGGGTACAACTTGTCACCGTGGTG-30 for ENO2-HA; and 50
-CTCTCAGATTGTTAAAAAATCGGTT-30 and 50-TTATTTAAGCG
TAATCTGGAACATCGTATGGGTAGTCAGTTTCAGCTTCAGCT-30 for
GRS1-HA. The DLD3, ENO2, and DLD3 without HA tag genes were
amplified using the following oligonucleotides as primers: 50-GATT
CAAGGCTTAAAGACAGCA-30 and 50-GGGTTTGCTCTTTGAAAGTTAA-
30 for DLD3; 50-CACCAAGCAACTAATACTATAACATAC-30 and 50-GCA
GAAAAGACTAATAATTCTTAG-30 for ENO2; and 50-CTCTCAGATTGT
TAAAAAATCGGTT-30 and 50-TGGCGATATATAGTTAAAATTAAGTCA-
30 for GRS1. All the above PCR-generated genes were ligated into
a blunted Pvu II cloning site of the pKT10-GAPDH (TRP1) yeast
expression vector. The PCR-generated DLD3-HA, ENO2-HA, and
GRS1-HA genes containing the GAPDH promoter and terminator
were ligated into the Pvu II cloning site of the pRS314 (TRP1) yeast
centromere expression vector. Sequences of constructs were
verified with an automated sequencer. We used the
pKT10-Hrt3F-boxD-FLAG and pKT10-Ucc1F-boxD-FLAG that were
constructed in our previous study [14] for the verification of
Hrt3- or Ucc1-binding protein.
2.3. Immunoblotting and immunoprecipitation
The intracellular levels, binding levels, and ubiquitination levels
of each protein were examined by immunoblotting according to
published protocols [6]. The cells were resuspended in a solution
of 20 mM Tris–HCl (pH 7.5), 1 mM EDTA, 5 mM MgCl2, 50 mM
KCl, 5% glycerol, 3 mM DTT, 1 mM phenylmethylsulphonyl fluo-
ride, and 1 lg/ml pepstatin A and lysed with glass beads at 4 C.
Yeast cell lysates were fractionated by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE), and bands of proteins were
transferred to an Immobilon-P membrane (Millipore, Bedford,
MA, USA) and probed with an HA antibody (Roche Diagnostics,
Mannheim, Germany). Each HA-tagged protein was immunopre-
cipitated from yeast cell lysates using agarose-conjugated mono-
clonal antibodies against HA (Roche Diagnostics). After overnight
incubation at 4 C, the beads were pelleted by centrifugation and
washed five times with Tris–buffered saline. Bound proteins were
eluted by boiling in SDS sample buffer, then separated by SDS–
PAGE and transferred to an Immobilon-P membrane. The binding
levels of both proteins were visualized using a FLAG antibody
(Sigma, Tokyo, Japan). The ubiquitination of each protein was
visualized using a multiubiquitin-specific antibody (MBL, Nagoya,
Japan).
2.4. Quantitation of methylmercury sensitivity
Yeast cells (106 cells/ml) were grown in SD liquid media
containing methylmercuric chloride (MeHgCl) at variousconcentrations for 3 h at 30 C. The treated cells were washed
and centrifuged, and each pellet was suspended in 0.1 ml sterile
water. Five microliters of each suspension were spotted on agar-
solidified SD media, and formation of colonies was examined after
culture for approximately 24 h at 30 C.
3. Results
3.1. Search for proteins that bind with Hrt3 or Ucc1
To identify substrate proteins recognized by Hrt3 or Ucc1, a
yeast two-hybrid screening was performed to search for proteins
that bind with Hrt3 or Ucc1 in yeast cells. We previously reported
that F-box domains present in the Hrt3 and Ucc1 conformations
are indispensable for binding with Skp1, one component of the
SCF complexes [12,13]. Therefore, the present screening used
Hrt3 and Ucc1 following deletion of their F-box domains, which
are supposedly uninvolved with binding of substrate proteins. This
examination used approximately 530000 transformants for Hrt3
and approximately 340000 transformants for Ucc1, and subse-
quently obtained two positive clones for Hrt3 and one positive
clone for Ucc1 (data not shown). The plasmids introduced into
these clones were isolated to confirm the inserts based on the
nucleotide sequences of the plasmids. The clones obtained using
Hrt3 as the bait displayed an insertion of Dld3 (D-lactate dehydro-
genase) and Grs1 (glycyl-tRNA synthetase), and the clone obtained
using Ucc1 as the bait displayed an insertion of Eno2 (enolase 2)
cDNA (data not shown). To examine the intracellular binding of
these proteins, plasmids expressing Dld3-HA, Grs1-HA, and Eno2-
HA (all with C-terminal HA-tag fusion), and plasmids expressing
mutated Hrt3DF-box-FLAG and mutated Ucc1DF-box-FLAG (both with
C-terminal FLAG-tag fusion) were simultaneously introduced into
yeast. Cells were then subjected to immunoprecipitation with an
anti-HA antibody followed by immunoblotting with an anti-FLAG
antibody. We confirmed that the mutated Hrt3DF-box bound with
Dld3 and Grs1 while the mutated Ucc1DF-box bound with Eno2
(Fig. 1). We also confirmed that normal Hrt3-FLAG and
Ucc1-FLAG demonstrated the same results as those obtained by
their respective mutant type, in which Dld3 and Grs1 bind with
Hrt3 and Eno2 binds with Ucc1 (data not shown).
3.2. Ubiquitination and proteasomal degradation of Dld3, Grs1, and
Eno2
Yeast extracts with overexpression of Dld3-HA, Grs1-HA, and
Eno2-HA were subjected to immunoprecipitation with an anti-
HA antibody, followed by immunoblotting with an anti-ubiquitin
antibody, to examine the ubiquitination of the respective proteins.
The immunoblotting with an anti-ubiquitin antibody resulted in
the detection of smeared bands on the high molecular weight side
of any protein, indicating intracellular ubiquitination of the respec-
tive proteins (Fig. 2A). When the yeast was treated with the protea-
some activity inhibitor (MG132), the intracellular levels of the
respective proteins were higher as compared to yeast cells not
treated with MG132 (Fig. 2B). These results demonstrate that
Dld3, Grs1, and Eno2 are proteins that are ubiquitinated and then
degraded by proteasome.
3.3. Influence of overexpression of F-box proteins on the intracellular
levels of binding proteins
If Dld3 and Grs1 are substrate proteins to be recognized by
Hrt3, and if Eno2 is a substrate protein to be recognized by Ucc1,
the prediction is that increased intracellular concentrations of
Hrt3 and Ucc1 will promote the ubiquitination of Dld3, Grs1, and
Eno2 and decrease the respective intracellular levels of these three
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Fig. 1. Verification of Hrt3- or Ylr224-binding protein. (A) Yeast cells harboring pKT10-Hrt3F-boxD fused to the FLAG tag (pKT10-Hrt3F-boxD-FLAG) were transformed with
pKT10 (TRP1), pKT10-Dld3-HA, or pKT10-Grs1-HA. An HA-tagged protein was immunoprecipitated (IP) from cell extracts with the monoclonal HA-specific affinity matrix
(anti-HA). Immunoblotting (IB) analysis was performed with the FLAG-specific monoclonal antibody (anti-FLAG). (B) Yeast cells harboring pKT10-Ucc1F-boxD fused to the
FLAG tag (pKT10-Ucc1F-boxD-FLAG) were transformed with pKT10 (TRP1) or pKT10-Eno2-HA. For other details, see legend to panel A.
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B
Fig. 2. Relationship between Hrt3- or Ucc1-binding proteins and ubiquitin–proteasome system. (A) Yeast cells were transformed with the indicated plasmids. Cell lysates
were immunoprecipitated (IP) with anti-HA antibody. The bound proteins and whole cell lysates were analyzed by immunoblotting (IB) with anti-ubiquitin. (B) Yeast cells
expressing indicated plasmids were treated with 50 lM MG132 for 3 h. Cell lysates were immunoblotted (IB) with anti-HA antibody. The Coomassie brilliant blue (CBB)-
stained protein bands are presented in the lower panels as a loading control.
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Ucc1 in addition to Dld3-HA, Grs1-HA, or Eno2-HA were subjected
to immunoblotting with an anti-HA antibody to examine the influ-
ence of this overexpression of Hrt3 or Ucc1 on the intracellular
levels of Dld3-HA, Grs1-HA, and Eno2-HA. A low-copy plasmid
characterized by a low expression level (pRS314) was used to
express Dld3, Grs1, and Eno2 to ensure the observation of changesin intracellular protein levels. We confirmed that overexpression of
Hrt3 significantly decreased intracellular levels of Dld3-HA and
Grs1-HA while overexpression of Ucc1 significantly decreased
intracellular levels of Eno2-HA (Fig. 3A). When the proteasomal
degradation of the ubiquitinated substrate proteins was inhibited
by MG132, overexpression of Hrt3 increased ubiquitination of
Dld3-HA and Grs1-HA while overexpression of Ucc1 increased
AB
Fig. 3. Verification of substrates for Hrt3 or Ucc1. (A) Yeast cells were transformed with the indicated plasmids. Cell lysates were immunoblotted (IB) with anti-HA antibody.
The Coomassie brilliant blue (CBB)-stained protein bands are presented in the lower panels as a loading control. The data below show the results of three different
experiments, represented as the relative densities of protein bands normalized to CBB. (B) Yeast cells were transformed with the indicated plasmids. Cell lysates were
immunoprecipitated (IP) with anti-HA antibody. The bound proteins and whole cell lysates were analyzed by immunoblotting (IB) with anti-ubiquitin.
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Fig. 4. Relationship between substrates for Hrt3 or Ucc1 and methylmercury
toxicity. Yeast cells (106 cells/ml) expressing indicated plasmids were grown in SD
liquid media containing methylmercuric chloride (MeHgCl) at the indicated
concentrations. After incubation for 3 h at 30 C, each pellet was diluted in
sterilized water to 107 cells/ml. Five microliters of each suspension were spotted on
agar-solidified SD media. Plates were photographed after incubation for approxi-
mately 24 h at 30 C.
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and Grs1 are substrate proteins recognized by Hrt3, and Eno2 is
a substrate protein recognized by Ucc1.
3.4. Sensitivity of yeast with overexpression of Dld3, Grs1, or Eno2 to
methylmercury
Dld3, Grs1, and Eno2 were shown to be substrates for Hrt3 or
Ucc1, which consequently functions as defense factors against
the toxicity of methylmercury. To investigate the relationship
between these three proteins (Dld3, Grs1, and Eno2) and
methylmercury toxicity, we examined the influence of overexpres-
sion of the three proteins on the sensitivity of yeast to methylmer-
cury. In this investigation, yeasts with overexpression of Dld3,
Grs1, and Eno2 consistently showed higher sensitivity to
methylmercury toxicity as compared to the control yeast (Fig. 4).
This suggests that Hrt3 is involved in alleviating the toxicity of
methylmercury by ubiquitinating Dld3 and Grs1 and that Eno2 is
involved in alleviating the toxicity by ubiquitinating Ucc1, thus
promoting proteasomal degradation (see Fig. 5).
4. Discussion
In this study, we performed a yeast two-hybrid screening to
search for yeast proteins that are recognized by the F-box proteins
Hrt3 and Ucc1, which have a reducing effect on methylmercury
toxicity. In our search, we identified Dld3 and Grs1 as proteins
binding to Hrt3, and Eno2 as a protein binding to Ucc1. We con-firmed that these binding proteins were ubiquitinated inside the
cells, and substrate proteins recognized by Hrt3 or Ucc1. The func-
tions of Hrt3 and Ucc1 as F-box proteins have not been previously
investigated, and this study is the first to reveal substrates for the
two F-box proteins.
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Fig. 5. Role of Hrt3 and Ucc1 in the development of methylmercury toxicity. Under normal conditions, Dld3, Eno2 and Grs1 are involved in the development of
methylmercury toxicity. Under conditions of overexpression of Hrt3 or Ucc1, the ubiquitination of Dld3 and Grs1 by Hrt3, and of the Eno2 by Ucc1 were promoted, and then
degraded by proteasome. These actions reduce methylmercury toxicity in yeast cells.
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recognition specificity [16–18]. Our search using a yeast two-
hybrid identified only Dld3, Grs1, and Eno2 as proteins binding
with Hrt3 or Ucc1, suggesting high selectivity in binding between
these proteins. We examined the possibility of binding with the
alternative combination of Hrt3-FLAG with Eno2-HA or Ucc1-
FLAG with Dld3-HA and Grs1-HA by immunoprecipitation and
immunoblotting. We did not observe any intracellular binding in
any alternative combination listed above (data not shown). In
addition, the overexpression of Hrt3 hardly influenced the intracel-
lular level of Eno2 while overexpression of Ucc1 hardly influenced
the intracellular levels of Dld3 and Grs1 (data not shown). There-
fore, we can assume that Dld3 and Grs1 are substrate proteins
specifically recognized by Hrt3, and that Eno2 is a substrate protein
specifically recognized by Ucc1. On the other hand, the levels of
Dld3-HA, Grs1-HA, or Eno2-HA were not changed in disruption
of the genes for Hrt3 or Ucc1 (data not shown). Moreover, we have
previously reported that the disruption of the genes for Hrt3 or
Ucc1 did not affect the sensitivity of yeast cells to methylmercury
[14]. Based on these results, it is possible to conclude that Dld3,
Grs1, or Eno2 might also be recognized and polyubiquitinated by
some F-box protein(s) other than Hrt3 and Ucc1.
We also found that Dld3, Grs1, and Eno2 demonstrated activity
that enhanced the sensitivity of yeast to methylmercury. Thus, the
resistance of yeast cells to methylmercury due to overexpression of
Hrt3 and Ucc1 [14] can be considered to result from a decline of
methylmercury sensitivity following promoted degradation of
Dld3, Grs1, and Eno2. The involvement of Dld3, Grs1, and Eno2
in the development of methylmercury toxicity has not thus far
been reported. By studying in detail the connection between the
functions of these proteins and the toxicity of methylmercury,
we can further clarify the molecular mechanism responsible for
the development of methylmercury toxicity.
We examined the effect of disruption of Dld3 or Eno2 on toxic-
ity of methylmercury. However, the single disruption of those
genes did not affect the sensitivity of yeast cells to methylmercury.
In yeast, three isoenzymes of lactate dehydrogenase encoded by
Dld1, Dld2 and Dld3 have been identified. Lactate dehydrogenase
catalyzes the oxidation of d-lactate into pyruvate [19]. Moreover,
Eno1 and Eno2 are the two yeast genes encoding phosphopyruvate
hydratase, which catalyzes the conversion of 2-phosphoglycerateto phosphoenolpyruvate during glycolysis [20]. Thus, the single
disruption of Dld3 or Eno2 strain might maintain the each enzyme
activity, and then those could not affect the sensitivity of yeast
cells to methylmercury.
Dld3 is an enzyme involved in the conversion reaction of D-
lactose to pyruvate [19]. Grs1 functions to attach glycine to tRNA
[21]. Eno2 is an enzyme involved in the glycolytic system [20].
The glycolytic system is a metabolic pathway in which glucose is
converted through several stages of reactions to glycerate
2-phosphate, then to phosphoenolpyruvate, and metabolized to
pyruvate [22]. It is very interesting that two (Dld3 and Eno2) of
the three proteins we identified are enzymes related to the gly-
colytic system. According to a recent report, KK-Ay mice showing
high blood glucose levels are more sensitive to the toxicity of
methylmercury than wild-type mice [23]. We cannot eliminate
the possibility that the glycolytic system is in some way involved
in the development of methylmercury toxicity. In this context,
we are studying in detail the roles of Dld3 and Eno2 in the devel-
opment of methylmercury toxicity, attempting to clarify part of the
molecular mechanism responsible for the development of
methylmercury toxicity.
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